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ABSTRACT 
Obesity is a well-defined mechanical factor for osteoarthritis (OA). More than one-third 
of adults in the United States are obese, and one in three obese adults has arthritis. In 
obese individuals, knee pain is highly prevalent and is often thought to be the first 
symptom of knee OA. In the pathomechanics of knee OA, altered kinematics and contact 
location in the knee joint are potent contributors to OA initiation and progression. 
However, such kinematics and cartilage contact location in obese individuals, and how 
the knee joint responses to excess load due to obesity are not clear and understudied, 
mainly limited by the instrumentations. Therefore, we conducted a series of dissertation 
 vi 
 
studies to investigate the effect of weight on the knee joint kinematics in six degrees of 
freedom (6DOF) and cartilage contact location using a fluoroscopic imaging system with 
magnetic resonance-based morphological models. In Study 1, the 6DOF kinematic 
analysis showed that obese individuals with knee pain walked with a reduced range of 
flexion-extension motion and a reduced medial-lateral translation compared with non-
obese controls. In Study 2, the cartilage contact analysis showed that obese individuals 
experienced different contact location on both the tibial and femoral cartilage surfaces 
during walking when compared with a healthy group, while pain had a minimal effect on 
the cartilage contact location. In Study 3, we followed up with the obese individuals in 
Study 1 and the kinematic analysis showed that the change in range of the flexion-
extension and adduction-abduction motion during gait were associated with the change 
in body weight; however, knee pain was not associated with the kinematic change. In 
conclusion, this series of dissertation studies suggests that the kinematics of the knee in 
obese individuals with knee pain was modifiable through weight loss. Weight 
management should be addressed more than controlling for pain in obese individuals 
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CHAPTER ONE: INTRODUCTION 
Background 
Obesity is an ongoing health issue worldwide. The World Health Organization (WHO) 
reported that there were approximately 1.4 billion overweight adults in 2008 and of 
these, nearly 500 million were obese [1]. In 2014-2015, there were about 1.9 billion 
overweight adults and of these, approximately 603.7 million were obese [1-3]. In the 
United States (US), the prevalence of obesity dramatically changed from 1999 through 
2016. Specifically, the prevalence increased by nearly 10% from 30.5% to 39.8%[4]. That 
is, more than 128 million (39.8%) adults in the US were obese in 2015-2016. Currently, an 
estimated 69% of adults are either overweight or obese [5, 6]. In Massachusetts, obesity 
is less prevalent than other states in the US (23.6%, confidence interval: 22.3-24.9%, 
ranked 48 out of 50 states) based on the most recent CDC data [7].   
Body mass index (BMI), defined as body weight with respect to body height, is 
used to classify obesity. Following current recommendations, most countries in the world 
define “healthy body weight” as a BMI less than 25 kg/m2. “Overweight” is defined as a 
BMI of 25.0-29.9 kg/m2. A BMI equal to or greater than 30.0 kg/m2 is defined as “obesity,” 
and a BMI over 35 kg/m2 is considered as “clinical obesity.” This simple classification is 
suitable for general populations, although it does not account for body composition.  
In the US, obesity had resulted in an estimated annual direct medical cost of was 
$26.0 billion over the six year period [8]. The health care cost of obesity-related illness in 
the US is a staggering $190.2 billion in 2005 US dollars or 20.6% of the annual medical 
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expenditure, including inpatient care, outpatient services, and prescription drugs, in the 
United States [8].  
The fundamental cause of obesity is an energy imbalance between calories 
consumed and calories expended (Figure 1). Therefore, the treatment for obesity is to 
either decrease energy intake or increase energy expenditure. Nonsurgical options 
include healthy diet, exercise, behavior modification, and medication. Surgical options are 
available for those obese individuals with clinical obesity [9]. Based on the National 
institutes of Health (National Institute of Diabetes and Digestive and Kidney Diseases, 
NIDDK), bariatric surgery is considered for obese individuals with a BMI over 40 kg/m2, or 
a BMI greater than 30 kg/m2 with coexisting medical conditions, such as diabetes, or a 
BMI between 30 kg/m2 and 35 kg/m2 with significant comorbidities. The American Society 
for Metabolic and Bariatric Surgery (ASMBS) recommends that individuals with a BMI over 
30 kg/m2 with comorbidities be considered as candidates for bariatric surgery. 
 
Figure 1. Energy balance/imbalance. 
Obesity raises the risk of morbidity from systematic disease, such as hypertension, 
dyslipidemia, and diabetes mellitus, and some regional disease, such as coronary heart 
disease, stroke, and osteoarthritis (OA). Obesity has been identified as a risk factor for OA 
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[10]. The combination of excess joint load and altered kinematics could be regarded as 
the underlying principle for this relation in weight-bearing joints [11], although obesity 
has also been shown to be related to the higher prevalence of OA in non-weight-bearing 
joints, such as the hand [11].    
Walking is the most common locomotor function in daily living and commonly 
suggested for obese individuals to increase energy expenditure [12]. It features cyclic 
loads to joints that are likely important contributors to the mechanical stimulus on 
articular cartilage. Past studies have shown that obese individuals walked at a slower self-
selected speed [13-16], with shorter and wider steps [17, 18], and had a longer stance 
duration [18] and had a greater toe-out angle [19] compared with normal-weight 
individuals. In addition, the kinematic and kinetic studies of the knee joint have shown 
that obese individuals had a different sagittal and coronal plane kinematics 
(flexion/extension and adduction/abduction) and kinetics (flexion-extension moment and 
peak knee adduction moment) while walking [11, 20].  
In addition to spatiotemporal parameters, and sagittal/coronal kinematics and 
kinetics, internal/external rotation and anterior-posterior translations of the knee are key 
components in OA development, especially in anterior cruciate ligament (ACL) studies 
[21, 22]. However, this type of knowledge in obese individuals is still unclear and 
understudied. The understanding of intrinsic biomechanics, (e.g., cartilage contact 
location, condylar motion, and slip ratio) has not been elucidated mainly due to the 
limitation of the instruments used.  In obese individuals, the effect of soft tissue artifacts 
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due to large amount of adipose tissue is more likely to increase the error of kinematic 
calculation and further affect the estimation of the joint load and contact location.  
As articular cartilage is sensitive to mechanical loading, increased mechanical 
loading is a risk factor of OA in obese individuals and this may be linked to changes in the 
relationship between cartilage properties and extrinsic joint loads. A positive relationship 
has been reported between ambulatory loads and cartilage thickness in young individuals 
[23], but little is known about the relationship in individuals with obesity after weight loss 
surgery.  
 
Research Questions and Hypotheses 
The theme of this dissertation was to describe and compare the kinematic characteristics 
of the knee in obese individuals during gait before and after weight change. This 
dissertation project used magnetic resonance (MR)-based modelling technique to 
construct subject-specific morphological data, and used a dual-fluoroscopic imaging 
system to collect motion data of the knee. Through a 2 dimensional-to-3 dimensional 
registration procedure, we were able to obtain knee joint kinematics during gait in six 
degrees of freedom. After getting the knee joint kinematics for each individual, the 
subject-specific cartilage model was imported for cartilage contact analysis. At the 
baseline visit, we compared 6 degrees of freedom (6DOF) kinematics in obese individuals 
with a healthy group. We hypothesized that obese individuals with knee pain will adapt 
to a different strategy during gait when compared to a healthy group, and as such, their 
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cartilage contact location at the baseline visit will be different than that of the healthy 
group. At the follow-up visit, we utilized the same protocol to collect MR and motion data. 
Since we had two groups of obese individuals, one receiving bariatric surgery and the 
other receiving medical management, we hypothesized that a greater amount of weight 
loss will be associated with a greater change in gait patterns overtime. Three studies were 
conducted to test these hypotheses. The study aims are shown as follows. 
 
Study Aim 1: To explore the 6DOF kinematics of the knee during gait in obese individuals 
with knee pain and compare them with healthy controls. 
Hypothesis 1: Obese individuals with knee pain will walk using a stiffened knee strategy 
as compared with a healthy group. (Range of motion (ROM) during the stance phase of 
the gait cycle in each degree of freedom: μobese < μhealthy). Obese individuals with knee pain 
will have kinematic differences at temporal events during the stance phase of the gait 
cycle as compared with a healthy group (heel strike, end of loading response, mid stance, 
and terminal stance, and toe off: μobese ≠μhealthy) 
 
Study Aim 2: To describe the cartilage contact location in obese individuals and to 
compare them with healthy controls. 
Hypothesis 2: Obese individuals will exhibit different cartilage contact locations of the 
tibiofemoral joint during the stance phase of the gait cycle when compared with a healthy 
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group (μobese ≠ μhealthy). Obese individuals will experience a different contact excursion of 
the tibiofemoral joint as compared with a healthy group (μobese ≠ μhealthy) 
 
Study Aim 3: To investigate the longitudinal gait pattern changes/adaptation after weight 
loss 
Hypothesis 3: The change in ROM during the stance phase of the gait cycle in each degree 
of freedom will be associated with the amount of weight loss. 
 
The data in this dissertation could be used to explain, in part, the 
mechanism/pathogenesis of OA in response to body weight change in obese individuals. 
Further, this dissertation discusses some potential modifiable factors, such as gait 
kinematics, pain, and cartilage contact location in obese individuals. The finding from this 
dissertation could be used to build a better walking program for obese individuals. 
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CHAPTER TWO: STUDY 1 




Knee joint pain is a common symptom in obese individuals and walking is often 
prescribed as part of management programs. Past studies in obese individuals have 
focused on standing alignment and kinematics in the sagittal and coronal planes. 
Investigation of 6 degree-of-freedom (6DOF) knee joint kinematics during standing and 
gait is important to thoroughly understand knee function in obese individuals with knee 
pain. This study aimed to investigate the 6DOF knee joint kinematics in standing and 
during gait in obese patients using a validated fluoroscopic imaging system. Ten 
individuals with obesity and knee pain were recruited. While standing, the knee was in 
7.4±6.3°of hyperextension, 2.8±3.3° of abduction and 5.6±7.3° of external rotation. The 
femoral center was located 0.7±3.1mm anterior and 5.1±1.5mm medial to the tibial 
center. During treadmill gait, the sagittal plane motion, i.e., flexion/extension and 
anterior-posterior translation, showed a clear pattern. Specifically, obese individuals with 
knee pain maintained the knee in more flexion with a reduced total range of knee flexion, 
and had a different pattern in the anterior-posterior translation during most of the stance 
phase of the gait cycle. In conclusion, obese individuals with knee pain used 
hyperextension knee posture while standing, but maintained the knee in more flexion 
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during gait with reduced overall range of motion in the 6DOF analysis. 





The prevalence of obesity is increasing in the United States and throughout the 
world [24, 25]. In 2011-2012, 34.9% of adults in the United States were obese [6]. 
Musculoskeletal disorders are commonly seen in obese individuals and one of the most 
common and disabling of these is knee osteoarthritis (OA) [26].    
Individuals who are obese and have knee pain may adopt different gait patterns 
to compensate both for the extra weight and joint pain. While no prior studies have 
focused specifically on obese persons with knee pain, studies of obese adults showed that 
they walked with decreased velocity [13, 20]. As body mass index (BMI) increases, gait 
speed decreases [14]. Past studies of knee joint kinematics mainly focused on sagittal and 
coronal plane motions, i.e., knee joint flexion/extension [13, 27-29] and varus/valgus 
rotation [28, 29]. Even so, there is no clear consensus on knee joint kinematics in obese 
individuals during walking. For example, Haight et al.[27] reported that obese individuals 
walked with a less flexed knee during the stance phase compared to non-obese 
individuals. Vismara et al. [30] concluded that the range of knee flexion excursion during 
gait was not significantly different than a healthy group. The inconsistency and variation 
in the literature may be due to differences in measurement methods or the presence of 
different lower extremity joint pathology such as pain which is extremely common in 
obese adults and may cause gait modifications. For instance, knee pain is a major 
symptom in individuals with knee OA and reduced range of knee flexion during gait has 
been frequently reported [31-33]. 
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Most previous investigations of obese gait used skin marker motion analysis 
systems [13, 20, 27, 34]. The kinematic data derived from a skin marker-based motion 
capture system are vulnerable to soft tissue artifacts [35, 36].  According to Peters et 
al.[35] the magnitudes of soft tissue artifacts were greater than 30 mm on the femur and 
up to 15 mm on the tibia. Cappozo et al. [37] quantified rotation errors of 6-20° on the 
femur and 4-10° on the tibia [37]. Although some biomechanical researchers have tried 
to reduce soft tissue artifact by using an obesity-specific marker set to investigate gait 
patterns [34], accurate detailed kinematics in 6 degree-of-freedom (6DOF) among obese 
individuals have not been elucidated. As past studies have shown that standing posture 
and gait pattern were affected by body weight [13, 27-29, 38], a better understanding of 
the standing posture and gait pattern in 6DOF is critical. Such information would provide 
a foundation on which to build better walking programs, which are commonly suggested 
as a means to increase the energy expenditure of obese individuals [12, 39] and especially 
to design a treatment program for obese persons with knee pain.   
Recent advancement of imaging technology, such as the dual fluoroscopy imaging 
system (DFIS), makes it possible to track in-vivo bone motion without soft tissue artifacts 
[40-42]. This methodology has been validated[43] with submillimeter and subdegree 
accuracy in translation and rotation. In this study, we evaluated knee joint kinematics in 
standing and during gait in obese individuals with knee pain using DFIS[43] and compared 
them to a healthy non-obese control group without knee pain. We hypothesized that 
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there would be distinct motion patterns in obese individuals with knee pain which would 




Ten obese individuals with knee pain on most of the last 30 days (8 females, 2 
males; age (mean ± standard deviation): 42.8±10.1 (range: 30.2–56.5) years; BMI: 
39.6±2.8 (range: 35.3–44.3) kg/m2, body mass: 109.6±13.0 (range: 86.0–130.9) kg, body 
height: 166.1±8.5 (range: 152–184) cm) were recruited to participate in this  study and 
the study protocol was approved by Boston University School of Medicine and 
Massachusetts General Hospital Institutional Review Boards. Written informed consent 
approved by both Institutional Review Boards was obtained for each subject. All 
participants reported being able to walk without assistance. For each participant, the 
more painful knee was selected for evaluation except that knees that had undergone 
surgery were excluded. If knee pain increased sharply in a short period of walking, the 




A posteroanterior standing knee joint plain radiograph in a slight flexion position 
was taken for each participant in the obesity group and graded by an experienced 
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rheumatologist (DTF) to determine the severity of osteoarthritis using Kellgren-Lawrence 
grading scale [44]. The selected knee was then scanned by a 3-Tesla MR machine (Philips, 
Achieva, Eindhoven, The Netherlands) with a sagittal Proton Density-Weighted (PDW), 
Spectral Attenuated Inversion Recovery (SPAIR) sequence (FOV: 160mm x 160mm, TR = 
1800ms, TE = 30ms, flip angle = 90°, thickness = 1mm, in-plane resolution = 512 x 512). 
All MR images were reviewed and used for segmentation to construct a 3-dimensional 
(3D) bony surface model of the knee, including the femur and tibia. To better understand 
the knee joint pain status, we adopted two relevant questions, one from the Western 
Ontario and McMaster Universities Osteoarthritis Index (WOMAC) questionnaire (pain on 
4-point Likert scale while walking on a flat surface) and one on overall pain level using a 
visual analog scale. The Likert scale was scored 0 as no pain to 4 as extreme pain and 
visual analog scale was rated on a 0-100 scale. 
In the fluoroscopic experiment, one pair of dual fluoroscopic images of the knee 
in static standing was obtained to evaluate comfortable standing posture in the 
participants with obesity. The participant was then asked to walk on a treadmill at 1.5mph 
(0.67m/s) with a thyroid collar over their throat and lead apron over their chest to upper 
thigh. After a warm-up period on the treadmill, the knee was imaged by the DFIS (Philips, 
BV Pulsera, Eindhoven, The Netherlands) at 30 frames per second with an 8ms pulse-
width (Figure 1A) [40, 43]. This system captured knee motion along two oblique views 
(medioposterior-lateroanterior and lateroposterior-medioanterior) (Figure 1B). All the 
output images were corrected for distortion using a calibration grid and customized 
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algorithm [45, 46] developed on MATLAB software (Mathwork, Natick, MA, USA). The 
fluoroscopic images and the MR-based 3D knee bony models were then imported to a 
virtual fluoroscopic environment for 2D-3D registration procedure [42], where the 
projection of the 3D knee model was matched to the 2D silhouette of the corresponding 
bones in the fluoroscopic images (Figure 2A). The knee joint motion during the gait cycle 
was represented by a series of knee joint models. 
 
Data analysis 
To calculate the kinematics during the stance phase of gait, we built a coordinate 
system for each femur and tibia. The coordinate system was used in both the obese with 
knee pain group and the healthy non-obese group to present the subject-specific data 
(Fig 2B). In the femoral coordinate system, we first defined the transepicondylar axis (TEA) 
and long axis of the distal femur [40]. The TEA was defined as the medial-lateral axis and 
the mid-point of the axis as the femoral center. The cross product of the TEA and the long 
axis was the anterior-posterior axis. For the tibial coordinate system, two circles were 
created to fit the medial and lateral plateaus separately [40]. The line connecting the 
centers of these two circles was defined as the medial-lateral axis and the mid-point as 
the tibial center. The cross product of the medial-lateral axis and the proximal tibial long 
axis was the anterior-posterior axis of the tibia.  
The knee rotation angles were calculated using an Cardan angle sequence 
(Flexion/Extension, Adduction/Abduction, Internal/External rotation) [47]. The knee 
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translations were represented along the anterior-posterior, medial-lateral, and superior-
inferior directions of the tibia. Typically unfiltered data from two stance phases of the gait 
cycles were analyzed and the data points of the two trials were averaged to represent the 
motion data for each participant. The 6DOF kinematic data of the knee joint were 
normalized to the stance phase of the gait cycle and averaged among all participants. The 
6DOF range of motion was calculated as the maximum value minus the minimum value 
during the stance phase of the gait cycle. 
 
Control group  
Previously published 6DOF knee kinematic data during gait from non-obese 
participants without knee pain or previous surgery provided a control group for 
comparison [40]. These data were collected in the same lab using the same fluoroscopic 
imaging technique and walking speed as the current study. The demographics of the 
control participants were: 6 males and 2 females, aged 32-49 years, mean BMI 23.5kg/m, 
5 left knees and 3 right knees. 
   
Statistical Analysis 
 Independent t-tests were used to test for differences between the group of obese 
individuals and group of healthy controls at specific events of interest during the stance 
phase of the gait cycle. The dependent variables included: flexion-extension, adduction-
abduction, internal-external rotation, anterior-posterior, medial-lateral, and superior 
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inferior translations at heel strike, end of loading response, end of mid-stance, end of 




The right knee was evaluated in 5 of the 10 participants with obesity, and the left 
knee in the other 5. Eight of the 10 had medial knee pain. The mean Kellgren-Lawrence 
scale of the obese individuals with knee pain was 1.2±0.8 (Table 1). Four out of the 10 
were considered to have radiographic OA based on Kellgren-Lawrence grade ≥ 2 [44]. The 
WOMAC scores while walking were 1.9±1.3 out of 4 and the visual analog scale for knee 
pain was 66.2±16.7 out of 100 (Table 1).  
 
6 degrees of freedom knee kinematics in comfortable standing posture 
 In the 10 individuals with obesity, the standing knee position was in 7.4±6.3° of 
extension, 2.8±3.3° of abduction, and 5.6±7.3° of external rotation. The femoral positions 
with respect to the tibia axes were 5.1±1.5 mm, 0.7±3.1 mm, and 29.5±1.8 mm along the 
medial-lateral, anterior-posterior, and superior-inferior directions, respectively (Table 2). 
 
Spatiotemporal parameters and the 6 degrees of freedom knee kinematics during gait 
The average stride length in the obese group was 86.8±9.2cm and the average 




The obese group walked with increased flexion in the first half of the stance phase, 
and with reduced flexion in the preswing phase compared to the non-obese group. 
Specifically, the obese knees started in a more flexed position at initial contact 
(11.4±11.7° vs. 0.9±0.7°, p=0.02), and at the end of the mid-stance phase (4.0±4.7° vs. -
3.4±1.0°, p<0.001). At toe off, the obese knees were in a less flexed position than in the 
control group (27.6±9.7° vs. 36.1±3.2°, p=0.024, Figure 3A). The total range of the flexion-
extension motion was less in the group with obesity than in the control group (27.5±9.1° 
vs. 39.9±3.1°, p=0.002). In knee adduction-abduction, the obese group had a similar range 
of motion compared to the control group (3.2±1.6° vs. 3.0±0.3°, p=0.626), but at toe off, 
the obese knees were in a more adducted position compared to the control group (-
3.2±1.2° vs. -5.8±0.9°, p<0.001, Figure 3B). In axial rotation, the obese knees did not show 
a significant difference compared to the controls (Figure 3C), and the range of internal-
external rotation was not significantly different (6.7±3.6° vs. 9.2±2.1°, p=0.082). 
The range of anterior-posterior translation in the obese group was not 
significantly different from in the healthy group (5.1±2.5 mm vs. 6.4±1.2 mm, p=0.151) 
(Figure 3E); however, the tibial position with respect to femur was different between the 
two groups in the second half of the stance phase. Specifically, the obese knees were in a 
more posterior position than the control group at the end of the mid-stance phase 
(0.8±2.7mm vs. 4.0±0.5mm, p=0.005), and at the end of terminal stance phase (1.4±2.0 
mm vs. 2.9±0.7mm, p=0.044), but in a more anterior position than the control group at 
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the end of the stance phase (3.1±2.6mm vs. -2.3±1.0mm, p<0.001). The obese group had 
less range of medial-lateral translation than the control group (2.7±1.1mm vs. 
4.3±0.6mm, p=0.001), and were consistently in a more lateral position than the control 
group throughout the stance phase of the gait cycle (Figure 3D). The obese knees did not 
have a significantly different range of superior-inferior translation (1.8±0.6mm vs. 
2.8±1.1mm, p=0.054), but had significantly lower values than the control group during 
most of the stance phase of the gait cycle (Figure 3F).   
 
Discussion 
This study investigated individuals with obesity and knee pain in standing and during gait 
under DFIS surveillance. While standing, the knee was in about 7.4° hyperextension, slight 
abduction (valgus), and about 5.6° of external rotation. During treadmill gait, the largest 
rotational excursion was in flexion-extension and the largest translational excursion was 
in the anterior-posterior direction, while motions in the other planes were smaller.  
Few studies have evaluated standing posture in individuals with obesity. One 
study using a radiographic hip-knee-ankle measurement, found that obese individuals 
stood in a slightly knee flexed position [38]. However our obese individuals with knee pain 
tended to use a hyperextension strategy in standing. The adaptation in standing posture 
may be due to the high BMI in our sample (≥ 35) and knee pain. This posture is thought 
to reduce the demand on the quadriceps and could potentially prevent fatigue [48]. Our 
study also provided information in the other degrees of freedom. The analysis of the 
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relative position between the femur and tibia indicated that the center of the femur was 
near the center in anterior-posterior direction, but located at the medial portion of the 
tibial plateau. These data provide additional data for more complete understanding of 
standing posture correction.   
During walking, spatiotemporal parameters may be affected by gait speed. The 
speed we tested was controlled at 0.67m/s (1.5 mph), which is slightly slower than the 
reported self-selected walking speed of  0.73 to 1.08 m/s for an obese population [14, 
49]. At this gait speed, we found that obese individuals with knee pain had slightly 
increased cadence and decreased stride length compared to individuals walking at a 
similar gait speed [14, 18], and had increased stride duration and stance phase compared 
to individuals walking at a faster gait speed [28, 49]. The speed preference and participant 
characteristics, such as knee pain and presence of osteoarthritis, may contribute to 
differences between studies. 
Several studies have reported knee kinematics during gait using skin marker 
motion analysis in obese individuals [13, 20, 27]. In these studies, obese individuals were 
found to walk with a similar pattern or with more knee extension and reduced range of 
motion in the sagittal plane compared to non-obese individuals, and this strategy was 
assumed to decrease the exertion of the knee extensors and prevent fatigue [29, 50]. Our 
findings were not in full agreement with past studies [13, 27]. Similar to past studies, our 
obese individuals walked with a smaller range of flexion-extension motion during the 
stance phase compared to a healthy population (Figure 3A) [40]. However, our obese 
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individuals walked in a more flexed knee position. While it is commonly thought that a 
more knee extended position will reduce demand on muscle, our participants did not 
display this adaptation. The combined smaller range of flexion-extension motion with a 
more knee flexed position during walking may increase the demands on the quadriceps 
and other extensors, and this gait pattern may result in early muscle fatigue. Our findings 
also showed a larger variation in knee flexion angles at initial contact, indicating different 
gait adaptation strategies could be used among individuals. The initial contact flexion 
angles were weakly correlated with their WOMAC pain score during walking (r = -0.34), 
suggesting that pain status may be a major contributor to the gait pattern.  
Knee pain is a commonly reported symptom by patients with knee OA, and 
kinematic changes in the sagittal plane during gait were frequently reported [31-33]. 
Individuals with knee OA walked in a more extended position and reduced range of 
flexion-extension motion. This gait pattern had been further replicated by studies of 
experimental knee pain [51]. Obese individuals have also been found to walk with a 
similar gait pattern. Our study including individuals with combined obesity and knee pain 
walked with a smaller range of flexion-extension motion similar to patients with knee OA, 
but in a more knee flexed position during most stance phase when compared to a healthy 
non-obese group. This finding suggests that our obese individuals with knee pain may 
adopt a unique gait pattern, which is not typically found in patients with either obesity or 
knee OA.  
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A previous study found no difference in axial rotation between obese and non-
obese groups [20], and our findings were in agreement with this; however, the pattern of 
axial rotation in our participants seemed to differ from that of healthy knees [40]. Healthy 
knees internally rotate after initial contact to a peak rotation at the end of loading 
response (Figure 3C) [40]. Instead, the tibia in our obese individuals was externally 
rotating to a peak of about 3.9˚ around the end of mid-stance and reversed after that 
point, implying the pivoting mechanism observed in healthy participants [40] may be 
changed in obese individuals. The large variation in the internal-external rotation angles 
in our obese individuals suggests that obese individuals may adopt diverse strategies to 
avoid pain during walking.  
In the coronal plane, past studies found similar or more adduction in obese 
individuals compared to non-obese group during gait [13, 20]. In our study, we found 
adduction-abduction in coronal plane motion in our obese group was not significantly 
different compared to our control group (Figure 3B) [40]. We note that the majority of 
our subjects did not have medial osteoarthritis which might have been present in previous 
studies.  
The smaller range of motion of the obese patients indicated that these individuals 
use a stiffening knee strategy despite maintaining the knee in more flexion during 
functional activities [52]. This strategy for reduced range of motion is also found in knee 
OA patients [31-33, 53] and obese individuals without knee pain [27], meaning both extra 
body weight and pain contribute to the gait pattern change. As walking has been routinely 
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suggested for obese patients as a safe activity to increase energy expenditure, increasing 
the knee joint range of motion while walking should be addressed, and this could 
potentially better distribute contact stress to prevent the local stress concentration.  
Several limitations need to be mentioned in interpreting the results. First, our 
participants were severely obese (BMI ≥ 35.0) and with knee pain; therefore, the results 
may not generalize to the less obese population (BMI: 30.0–34.9) with or without knee 
pain. Our study sample was 80% female, so the results may not generalize to all obese 
individuals with knee pain, although, like our sample, most obese individuals with knee 
pain are women. The control group was predominantly male, and this may also have 
contributed to the differences in kinematics found. Treadmill walking was used in this 
study to assess the kinematics, so the results may not generalize to walking overground. 
The definition of the coordinate system in this study was based on local bone geometry; 
therefore, the values found in this study may be slightly different from studies using other 
coordinate system definitions. Lastly the loading from the lead protection gowns (9.1kg, 
7.0–10.6% of body mass of the obese participants) could have contributed to the gait 




Obese individuals with knee pain used hyper-extension knee posture while standing, but 
maintained the knee in more flexion during gait with reduced overall range of motion in 
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the 6DOF analysis compared to a healthy group. In addition to the facilitation of greater 
total range of sagittal plane motion with a knee extension strategy during gait, increasing 
the knee joint range of motion in other directions should be addressed in weight 






Figure 2. A) Treadmill gait with dual fluoroscopic imaging system setup and protection 






Figure 3. A) The MR-based 3D knee bony models were matched to the silhouettes of 
the corresponding bones in the fluoroscopic images. B) Illustration of coordinate 





Figure 4. Six degree-of-freedom kinematics during stance phase of treadmill gait in 
obese individuals with knee pain (red. S1 File) and a healthy population (blue, data 
previously published in Kozanek et al. J Biomech. 2009;42(12):1877-1884.). Solid line 
indicates the mean and shade area for ±1SD. Asterisk denotes significant difference 





Table 1. Side of index knee, the knee pain compartment, X-ray findings, and WOMAC 










WOMAC Walking WOMAC Pain 
# 1 Left Medial 1 4 50 
# 2 Left Medial 2 3 90 
# 3 Right Medial 1 1 41 
# 4 Left Lateral 2 1 60 
# 5 Right Medial 0 2 70 
# 6 Right Lateral 2 0 70 
# 7 Right Medial 2 3 90 
# 8 Left Medial 0 2 70 
# 9 Left Medial 1 – – 
# 10 Right Medial 1 1 55 
Average   1.2 1.9 66.2 
SD   0.8 1.3 16.7 
Maximum   2 4 90 
Minimum   0 0 41 




Table 2. Standing posture of the knee joint in 6 degrees of freedom 

















# 1 -1.9 -7.8 -16.8 7.3 3.6 29.4 
# 2 -6.8 -8.1 -14.7 4.3 5.9 27.7 
# 3 -5.2 1.0 -5.5 5.6 -1.5 32.5 
# 4 -20.2 1.3 -10.3 2.1 2.0 29.6 
# 5 -12.4 -1.7 -1.5 4.6 1.5 28.8 
# 6 -5.6 -3.9 7.9 4.4 0.7 28.8 
# 7 3.0 -3.4 -2.7 6.9 -3.1 26.4 
# 8 -6.8 -1.5 -0.7 6.0 1.0 29.7 
# 9 -12.2 0.0 -8.4 5.0 1.1 32.1 
# 10 -6.0 -4.0 -3.2 4.7 -4.5 30.0 
Average -7.4 -2.8 -5.6 5.1 0.7 29.5 
SD 6.3 3.3 7.3 1.5 3.1 1.8 
Maximum 3.0 1.3 7.9 7.3 5.9 32.5 
Minimum -20.2 -8.1 -16.8 -2.1 -3.1 26.4 
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CHAPTER THREE: STUDY 2  
Cartilage contact characteristics during gait in obese individuals  
Abstract 
Obesity increases the risk of knee osteoarthritis and knee pain is prevalent in obese 
individuals. Cartilage contact characteristics may provide insights into the pathogenesis 
of knee OA in obese individuals. We used a fluoroscopy imaging system with subject-
specific magnetic resonance cartilage models to investigate the articular cartilage contact 
location during gait.  Twenty-five obese individuals, stratified by presence of knee pain, 
were recruited and their knees were imaged by a dual fluoroscopic imaging system during 
gait. The cartilage contact location of the tibiofemoral joint were described on the tibial 
plateau in the medial-lateral (ML) and anterior-posterior (AP) directions and on femoral 
condyles using contact angle in the sagittal plane and  deviation angle in a plane 
perpendicular to sagittal plane. On the medial tibial plateau, the ML contact location in 
both obese groups was located more medially than in the healthy group throughout the 
stance phase. The AP contact location in both groups with obesity showed a different 
pattern than the healthy group on the medial plateau. The contact excursion of femoral 
deviation angle in both groups with obesity was less than the healthy group. The findings 
from this study suggest that obesity affected the contact location mostly in the medial 
compartment which explains, in part, the high prevalence of medial knee OA in the obese 
population. The difference in the cartilage contact location during gait suggests that the 
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knees in both groups with obesity expose to different loading conditions that might 
contribute to the cartilage degeneration. 
 
Introduction 
Obesity is a risk factor for onset and progression of knee osteoarthritis (OA), the most 
disabling joint disease affecting ambulation and participation [10, 54]. In the framework 
of in vivo pathomechanics of knee OA proposed by Andriacchi et al.[55], a spatial shift in 
the contact location could increase loads on infrequently loaded regions and thus initiate 
degenerative changes [56]. Studies have reported contact characteristics of healthy and 
OA patients [57-65]; however, such information in individuals with obesity is still unclear.  
Articular cartilage contact location in obese individuals may explain some of their 
high prevalence of knee OA and where that OA occurs in the knee. Cartilage contact 
location could be measured directly using magnetic resonance (MR) imaging [65, 66], or 
approximated through surface marker based musculoskeletal modeling, finite element 
modeling simulation [67]. Although dynamic MR imaging provides the visualization of the 
knee joint during motion, it is not feasible to walking activity. Moreover, the 
approximation method requires a kinematic input that may be affected by the soft tissue 
artifacts from the considerable amount of adipose tissue in individuals with obesity [36, 
68]. Some studies have used simplified bone-on-bone contact location to characterize the 
contact behavior in OA knees [57, 58, 60]. This technology is unable to explain the 
interaction between cartilage surfaces. In this study, we aimed to include the subject-
 
 30 
specific data and analyze the cartilage contact location during gait in individuals with 
obesity. As knee pain is prevalent in individuals with obesity, and knee pain has been 
shown to affect the gait pattern [69]. We included obese individuals with and without 




A total of twenty-five subjects with obesity were recruited for this study. Of these, 
eighteen were obese with knee pain on most days (15 females, 3 males; age: 42.4±9.4yrs; 
body height: 1.64±0.09m; body mass: 106.2±11.9kg; body mass index (BMI): 39.5±2.5 
kg/m2; pain level (0-100): 63.8±17.4) and seven were obese without knee pain (6 females, 
1 male; age: 40.1±9.8yrs; body height: 1.69±0.07m; body mass: 107.4±14.2kg; BMI 
37.1±2.1 kg/m2). The study protocol was approved by the Institutional Review Board at 
Boston University. Each subject provided written informed consent.  
 
Experimental procedure 
One knee from each subject was selected for MR scan using a 3-Tesla machine (Philips, 
Achieva, Eindhoven, The Netherlands. Imaging protocol: Proton Density-Weighted 
(PDW), Spectral Attenuated Inversion Recovery (SPAIR) sequence. Slice thickness: 1mm. 
Resolution: 512x512). For an individual with knee pain, the more painful knee was 
selected for MR scan; for individuals without knee pain, the knee for MR scan was chosen 
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randomly. The MR images were then reviewed and manually segmented to construct the 
3D subject-specific bone and cartilage surface models for each subject.  
The subjects were asked to walk on a treadmill at 1.5 mph (0.67 m/s), and the MR-
scanned knee was imaged by a dual fluoroscopic imaging system (Philips, BV Pulsera, 
Eindhoven, The Netherlands) at 30 Hz with 8ms pulse width [43, 69]. After a series of 
calibration procedures, a virtual dual fluoroscopic imaging platform was created for 2D to 
3D registration procedure. In order to determine the knee positions during the stance 
phase of the gait cycle, the 3D bone models were imported and viewed from two 
directions corresponding to the position of the X-ray source of the fluoroscope. The 3D 
tibial and femoral bone models were manually manipulated separately in six degrees of 
freedom till the projection of 3D bone models registered to the 2D fluoroscopic images. 
The femoral and tibial cartilage models were mapped to the corresponding bone models 
at each knee position for cartilage contact analysis. The cartilage contact was represented 
by the overlapped surfaces of the tibial and femoral cartilage models, and the centroid of 
the overlapped surfaces was defined as the cartilage contact location[41]. The tibial 
contact location were described in the medial-lateral (ML) and anterior-posterior (AP) 
direction on the tibial plateau. (Figure 5A)[70]. The ML axis was defined first as a line 
connecting the centroids of the two circles fit the medial and lateral tibial plateau 
surfaces. The AP axis was created perpendicular to the medial-lateral axis and the long 
axis of the tibia. The femoral contact location were described by contact and deviation 
angles on the femoral condyles (Figure 5B, 5C). Femoral contact angle represents the 
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contact location in the sagittal plane based on the geometric center of each condyle. 
Femoral deviation angle is in a plane perpendicular to the sagittal plane. 
In this study, we analyzed the contact location during the stance phase of the gait 
cycle because the knee joint bears minimal loads during the swing phase. The excursion 
of cartilage contact location was determined by subtracting the maximum from the 
minimum during the stance phase of the gait cycle. A comparable healthy group data was 
retrieved from the laboratory database (six males, two females; age: 32–49 years; 
average BMI: 23.5 kg/m2)[40]. 
 
Statistical analysis 
Analysis of variance (ANOVA) analysis was used to test the difference in the contact 
location between the obese groups with and without knee pain, and the healthy group 
using SAS 9.3 (SAS Institute, Cary NC). A post-hoc Tukey's Studentized Range analysis was 
then performed to test any pairwise difference if the main effect was significant. This test 
controls the Type I experimentwise error rate. All tests were considered statistically 
significant when the p-value was less than 0.05. 
 
Results 
Tibial contact location 
On the medial plateau, the ML contact location in both obese groups was located more 
medially than in the healthy group throughout the stance phase (Figure 6A). The group 
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with obesity alone had a greater medial contact location than the group with obesity and 
knee pain at 20% of the gait cycle. The AP contact location in both groups with obesity 
showed a different pattern than the healthy group during the stance phase only in the 
medial plateau, where, compared with the healthy group both groups with obesity had 
posteriorly shifted during the first 20%, then anteriorly shifted during 20-70%, and 
posteriorly shifted again. At toe off, both groups with obesity had a more posteriorly 
shifted contact position compared to the healthy group (Figure 6C).  
On the lateral plateau, there was no significant difference in the ML contact 
location between the three groups (Figure 6B). The AP contact location showed a similar 
pattern in the three group, but both groups with obesity (with and without pain) had a 
more posteriorly shifted contact location than the healthy (Figure 6D).  
 
Femoral contact location 
In the medial condyle, the femoral contact angle in the three groups had a similar pattern, 
where the contact location moved to the posterior portion of the condyle during the first 
20% of the stance phase, followed by an anterior translation during 20-60%, and a 
posterior translation after 60% of the stance (Figure 7A). Specifically, both groups with 
obesity had significantly smaller contact angle (i.e., anteriorly shifted contact location) 
during the mid-stance, terminal stance, and part of the terminal swing of the gait cycle. 
The femoral deviation angle in both groups with obesity was significantly lower (i.e., more 
centrally located) when compared to the healthy group (Figure 7C). 
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In the lateral condyle, the femoral contact angle in the three groups exhibited a 
similar pattern (Figure 7B). The two groups with obesity had a smaller contact angle, 
suggesting the contact location was at the anterior portion of the condyle. The deviation 
angle in both groups with obesity was lower than in the healthy group, suggesting an 
outer located contact location (Figure 7D). We did not find any significant difference 
between the two obese groups with and without knee pain. 
 
Contact excursion 
We found a significant difference in contact excursions of femoral deviation angles that 
both groups with obesity showed less shift in deviation angle when compared to the 
healthy group (Table 3). There was no significant difference between the three groups in 
tibial ML contact excursions, tibial AP contact excursions, and femoral contact angle 
excursions.   
 
Discussion 
This study analyzed the cartilage location in two obese groups (one with knee pain, and 
one with obesity alone) and compared them with a non-obese healthy group. Our findings 
suggest that both groups with obesity exhibited different femoral and tibial contact 
location when compared to the healthy group. In the two groups with obesity, knee pain 
had some effect on the cartilage contact, mainly on the tibial plateau. These findings have 
not been described previously. 
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Knee joint contact analyses have been performed to understand the potential 
mechanism of the knee OA. The abnormal contact behavior creates a different loading 
condition in the knee joint and has been thought to disturb the homeostasis of the 
cartilage in both initiation and progression phases of OA [55]. This hypothesis has been 
further examined in OA patients. OA patients had different bone-to-bone contact 
kinematics compared to the healthy [57, 58, 60]. Our study is in partial agreement with 
these studies. For example, Zeighami et al. [60] reported that in end-stage knee OA 
(Kellgren-Lawrence grade 4) patients with a mean BMI>30 the tibial contact location on 
the medial and lateral tibial plateaus were shifted medially compared to a healthy group. 
Similarly, our study demonstrated a medially shifted tibial contact location on the medial 
plateau in both groups with obesity. The more medial shifted tibial contact location 
throughout the stance phase suggests that medial meniscus may experience an increased 
stress and potentially result in local inflammation of the knee joint [71]. The presence of 
meniscus extrusion in overweight or obese women has shown to related to incident knee 
OA [72]. On the lateral plateau we did not find a significant difference in the tibial contact 
location. This inconsistency may be due to the severity of knee OA and difference in BMI. 
Our study subjects were younger and with higher BMI than the aforementioned studies 
[57, 58, 60], as these two are potent factors for both physiological and biomechanical 
condition of the knee joint. The OA patients in the studies mentioned above were either 
overweight or obese, but the potential effect of weight were not addressed.  
Comparing the two groups with obesity, we found no different contact pattern in 
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most of the ML and AP contact location on the tibial plateau during the stance phase of 
the gait cycle, suggesting knee pain had minimal effect on the altered loading condition 
in both directions. The posterior shifted contact location on the tibial plateau during the 
preswing phase in both groups with obesity may create more significant stress of the 
posterior portion of the meniscus, and this explained the higher rate of meniscus injury 
of the posterior horn in the obese individuals [73].  
The femoral contact location has not been reported in the obese population. Our 
study provided additional information that may help the interpretation of the femoral 
cartilage morphological change. The less femoral contact angle and deviation angle in the 
two groups with obesity compared to the healthy group suggest that the load was 
transmitted through a relatively anterior and central portion of the femoral cartilage. We 
also found a significant difference in the femoral deviation angle excursion, suggesting 
the distribution of femoral contact and deviation angles during the stance phase of the 
gait cycle exhibited the altered loading condition of cartilage that may accelerate the OA 
development[74]. 
Our contact analyses suggest that obesity affects the contact location mostly in 
the medial tibiofemoral compartment, where the medial contact location shifted medially 
in both groups with obesity (Figure 8). The altered cartilage contact location may indicate 
a predominance of medial disease in obese persons compared with others. Our findings 
provide insight into the previously observed association between obesity and cartilage 
defects. Anandacoomarasamy et al. [75] reported there was a significant positive 
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correlation between BMI and cartilage defect scores in the medial tibiofemoral 
compartment, and not the lateral compartment.    
The inclusion of cartilage model in contact analysis provides more information of 
contact location than using the bone model alone. DeFrate et al.[76] reported that 
substantial errors might be introduced in contact analyses when only using the bone 
surface models with the closest distance in lower flexion angles. Though the weighted 
center of proximity algorithm improves the estimation of contact location [77], the 
irregularities of cartilage thickness difference between subjects could not be taken into 
account.  
The findings of this study should be considered in light of some limitations. First, 
we acknowledge the potential limitation of the small sample size in the obese group 
without knee pain and healthy control subjects.  Second, the menisci were invisible in 
fluoroscopic images without injection of contrast agent into the joint capsule. In the 
current study, we did not use any invasive procedure, and therefore the contact location 
from cartilage-to-cartilage contact analysis could not be extrapolated to the meniscus-
covered regions.  
 
Conclusion 
The findings from this study suggest that obesity affects the contact location mostly in the 
medial compartment which explains, in part, the high prevalence of medial knee OA in 
the obese population. The difference in the cartilage contact location during gait suggests 
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that the knees in both groups with obesity expose to different loading conditions that 





Figure 5. (A) The cartilage contact location on the tibial plateau. (B) Femoral contact 
angle in the sagittal plane is based on the geometric center of each condyle. Positive 
values indicate the contact point is in the posterior condyle. (C) The deviation angle is 
in a plane perpendicular to the sagittal plane. Positive values indicate the contact 






Figure 6. Tibial cartilage contact location in the medial-lateral (A, B) and anterior-
posterior direction (C, D).  
* indicates difference between obese group with knee pain and healthy 
† indicates difference between obese group without pain and healthy 





Figure 7. Femoral cartilage contact location presented in contact angle (A, B) and 
deviation angle (C, D).  
* indicates difference between healthy and group with obesity and knee pain  





Figure 8. Schematic drawing of the cartilage contact locations in the tibiofemoral joint. 
The contact location in the medial tibiofemoral compartment shifts medially in both 




Table 3. The contact excursion of cartilage contact location.  
 Tibial contact excursion  Femoral contact excursion 


























4.2 (1.4) 4.2 (2.4) 7.5 (3.3) 4.3 (2.0)  47.6 (16.2) 40.6 (14.0) 9.4 (3.2) † 8.8 (6.0) † 
Healthy 3.5 (0.6) 3.5 (0.4) 6.5 (1.5) 4.4 (0.8)   53.6 (12.9) 29.9 (9.0) 42.1 (13.0) 33.1 (12.1) 
* indicates difference between obese group with knee pain and healthy 





CHAPTER FOUR: STUDY 3 
Weight Loss Changed Gait Kinematics in Obese Individuals with Knee Pain 
Abstract 
BACKGROUND: In obese individuals, kinematics are altered, a factor that may contribute 
to their increased risk of knee osteoarthritis. The effect of weight loss on kinematics has 
not been precisely estimated nor is it known whether knee pain reduction that can occur 
with weight loss affect kinematic changes.  
RESEARCH QUESTION: To assess the effect of weight loss on knee joint kinematics during 
gait in individuals with obesity and knee pain. 
METHODS: We recruited obese individuals with knee pain (BMI ≥ 35) who were 
participating in a weight loss program which included bariatric surgery or medical 
management. At baseline before and at 1 year after treatment, participants walked on a 
treadmill, and their knee joint kinematics were assessed using a dual-fluoroscopic imaging 
system and subject-specific magnetic resonance imaging knee joint models. Gait changes 
were represented by change in range of tibiofemoral motion, i.e., excursions in flexion-
extension, adduction-abduction, internal-external rotation, anterior-posterior 
translation, medial-lateral translation, and superior-inferior translation during the gait. 
RESULTS: Twelve obese individuals with knee pain completed the gait analysis at baseline 
and 1 year follow-up. Subjects lost on average 10.4 (17.2) % of their baseline body weight. 
The amount of weight reduction was correlated with increase in range of flexion-
extension (r = -0.75, p < 0.01) and with decrease in range of adduction-abduction (r = 0.60, 
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p = 0.04) during gait. The reduction in body weight was also associated with self-reported 
pain decrease (r= 0.62, p = 0.04); however, pain change was not significantly associated 
with kinematic changes. 
SIGNIFICANCE: Weight loss was associated with improved gait kinematics in the sagittal 
and frontal planes. The gait pattern change in obese individuals with knee pain was 
primarily driven by the change in body weight, not by the change in pain.  




Obesity is an established risk factor for the development of knee osteoarthritis (OA), one 
of the most disabling diseases affecting the quality of life [10, 54]. In the US, more than 
one-third of adults are obese, and one in three obese adults has arthritis [6, 78]. In obese 
individuals, knee pain is highly prevalent [79] and is often thought to be the first symptom 
of knee OA [80]. For overweight and obese knee OA patients, weight loss is recommended 
by the American College of Rheumatology (ACR) to reduce joint load and potentially delay 
knee OA progression [81-86]. Weight loss is effective in reducing pain and improving 
function in patients with obesity and knee OA [85, 87-89], and in patients with obesity 
alone [79, 90-92].  
Walking is an important function of daily living and is suggested by the Arthritis 
Foundation and the ACR for knee OA patients to promote healthy living [81, 93, 94] and 
is promoted for obese individuals to increase energy expenditure. [95, 96]. However, 
reduced daily walking steps [97] and gait alterations have been found in individuals with 
obesity when compared to healthy counterparts [20, 30, 98]. In individuals with obesity 
and knee pain, gait function is further impaired [69, 97]. While some biomechanical 
studies have demonstrated that weight loss improves spatiotemporal parameters and 
kinematics during gait in individuals with obesity [99-102], it is still not clear how weight 
loss affects knee kinematics of individuals with obesity and knee pain and whether any 
change in kinematics is more closely related to pain reduction than to weight loss. If the 
change in kinematics were closely related to pain reduction, then it might suggest that 
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the gait alterations seen in obese persons with knee pain represent compensatory gait 
changes to lessen pain.  
 Also, the instrumentation (i.e., motion capture system) used in kinematic studies 
may threaten the accuracy of the measured parameters due to the uncertainty of marker 
placement when the subcutaneous tissue has significantly changed after weight loss 
[102].  In the past decade, new instrumentation has been developed to measure the 
kinematics of the knee with higher accuracy and repeatability [43, 57]. This technique 
uses dynamic X-ray/fluoroscopic imaging to track bone motions directly, instead of 
capturing the markers on the skin, and then registers the subject-specific magnetic 
resonance imaging/computed tomography bone models to measure knee kinematics. 
This technology reduces the artifacts created by subcutaneous tissue and improves the 
repeatability of marker placement in 3-dimensional (3D) motion capture systems after 
weight loss [43, 57].   
We applied this novel technology in the current study and aimed to assess the 
effect of body weight change on knee kinematics during gait in obese individuals with 
knee pain who were undergoing either bariatric surgery or medical weight loss treatment. 
We expected a wide variation in weight loss experiences with some participants losing a 
lot of weight and others experiencing little if any loss. We focused on the correlation of 
weight loss, knee pain, and knee kinematics, trying to address two questions using this 
novel technology: 1. what kinematic changes occur with weight loss and 2. whether 
kinematic changes were more strongly correlated with weight loss or with pain reduction 
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in a setting in which both were likely to occur. We hypothesized that changes in gait 




Participants were recruited from The Nutrition and Weight Management Program 
at Boston Medical Center. The baseline recruitment period was from February 2014 to 
August 2015. Inclusion criteria consisted of BMI ≥ 35, knee pain, aching or stiffness on 
most of the past 30 days, age between 25-60 years old, ability to walk without any 
assistance, and eligibility for magnetic resonance (MR) imaging. For subjects scheduled 
for surgery, baseline was within 2 weeks prior to surgery.  Exclusion criteria included 
rheumatoid or inflammatory arthritis, and any prior knee surgeries or plan to receive knee 
surgery during the follow-up period. The study protocol was approved by Boston 
University School of Medicine Institutional Review Board, and each participant signed a 
consent form before the study procedure. 
To promote weight loss, participants had bariatric surgery or dietary prescriptions 
(with or without a combination of medications including phentermine, lorcaserin, 
phentermine/topiramate, bupropion/naltrexone, or liraglutide). The dietary prescription 
was designed to control the total energy intake (1200-1500 kilocalories/day for women 
and 1500-1800 kilocalories/day for men) using a high-protein, low-fat diet with meal 
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replacements as substitute meals. All participants were recommended to walk at least 30 
minutes/day and perform resistance exercise at least twice a week.  
 
Experimental procedures 
Overall knee pain status was evaluated by a self-reported visual analog scale (VAS) 
rated on a 0-100 scale with the extremes anchored in 0 (no pain) and 100 (worst 
imaginable pain). We used a 3-Tesla MR machine (Philips, Achieva, Eindhoven, The 
Netherlands) with a 16-channel knee coil to acquire high resolution images of the knee 
(sequence: Proton Density-Weighted (PDW), Spectral Attenuated Inversion Recovery 
(SPAIR) sequence, FOV: 160mm x 160mm, TR = 1800ms, TE = 30ms, flip angle = 90°, 
thickness = 1mm, in-plane resolution = 512 x 512). All the MR images were reviewed and 
manually segmented to construct the 3D subject-specific knee joint models. Participants 
were asked to walk on a treadmill at 1.5 mph (0.67 m/s) and knee joint motion was 
captured using a validated dual fluoroscopic imaging system (Philips, BV Pulsera, 
Eindhoven, The Netherlands) (Figure 9A). This system captured knee motion at 30 frames 
per second [43].  
To determine the position of each bone at each time frame, we created a virtual 
environment for the two-dimensional (2D) to 3D registration procedure of the subject-
specific bone models and the fluoroscopic images (Figure 9B) [43]. Once the projection of 
the 3D knee model was matched to the 2D silhouette of the corresponding bones in the 
fluoroscopic images, knee kinematics in six degree of freedom (6DOF), i.e., flexion-
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extension, adduction-abduction, internal-external rotation, anterior-posterior 
translation, medial-lateral translation, and superior-inferior translation, were derived 
based on the coordinate systems of the tibia and femur (Figure 9C). The details of the 
kinematic calculations were described in our previous article [69]. 
The participants returned for a follow-up visit 1 year after the baseline visit. We 
used the same protocol from the baseline visit to evaluate pain status and measure knee 
kinematics during gait at the follow-up visit. We used the 6DOF range of knee motion 
(excursion), defined as the maximum minus the minimum values during the stance phase 
of the gait cycle, to represent the knee kinematics for each visit. We also calculated the 
changes in spatiotemporal parameters of interests, including stride length, duration of 
the stance phase, and cadence, to present  change in  gait characteristics between the 
two visits.  
 
Statistical Analysis 
A paired t-test was used to determine the difference of each variable between the 
baseline and follow-up visits. Pearson’s correlation analyses were performed to assess 
the relationship between the change in range of motion in 6DOF during the stance phase 
of the gait cycle, change in weight, and change in pain. A two sided significance level was 





Eighteen participants (15 females and 3 males) completed the baseline visit, of whom 12 
(67%) completed the follow-up visit. The participants lost, on average, 10.4% of their 
baseline body weight (P = 0.05) at follow-up (Table 4). Of the 12 participants with follow-
up, 4 had undergone bariatric surgery (mean weight loss 29.6% of their baseline body 
weight) and 8 had medical management (mean weight loss 0.8% of their baseline body 
weight).  On average, knee pain at the follow-up visit was significantly lower than that at 
the baseline visit (P = 0.04).    
In terms of knee joint kinematics, the range of flexion-extension at the follow-up 
visit was significantly increased compared with the baseline visit. Significant differences 
between the two visits were also found in internal-external rotation and superior-inferior 
translation (Table 5). As for the spatiotemporal parameters, the changes in stride length, 
duration of the stance phase, and cadence between the two visits were 0.5 (11.1cm), 0.0 
(0.1) second, and 0.7 (14.7) steps/min, respectively. None of these changes was 
statistically significant.   
The percentage change in body weight was correlated with the change in range of 
motion in flexion-extension (r = -0.75, p = 0.005) and in adduction-abduction (r = 0.60, p 
= 0.04) during gait (Table 6) such that the greater the weight loss, the greater the increase 
in both flexion-extension and decrease in adduction-abduction excursion. The percentage 
change in body weight was associated with the reduction in self-reported VAS pain (r= 
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0.62, P = 0.04); however, the change in self-reported pain was not significantly associated 
with any changes in kinematics (Table 6). 
 
Discussion 
We used a novel approach to accurately measure the knee joint kinematics during gait 
before and after 1 year for obese individuals with knee pain in a weight loss program. We 
also tested the association between the changes in gait pattern, body weight, and pain. 
In general, the participants with weight loss walked with a greater range of flexion-
extension and internal-external rotation of the knee joint. Some of the kinematic changes 
were found to be associated with the change in body weight, but were not associated 
with change in knee pain severity. To the best of our knowledge, this study is the first one 
to investigate the 6DOF knee kinematic change with weight loss. 
Our participants demonstrated an increased range of knee flexion-extension 
during the stance phase of the gait cycle after weight loss, suggesting that weight loss can 
effectively modify knee kinematics. However, our finding is not consistent with some 
studies showing that weight loss has no significant effect on knee kinematics during 
walking [99-102]. For example, Hortobagyi et al. [101] and Vartiainen et al. [102] reported 
that the knee motion in the sagittal plane (i.e., flexion-extension) in stance phase was not 
significantly changed after weight loss at a standardized walking speed. One possible 
explanation for why our results differ is that the instrumentation used in previous studies 
was prone to soft tissue artefacts. Instead, our study improved the measurement 
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accuracy by using fluoroscopy technology.  
Transverse plane motion, i.e., axial rotation, is thought to be a key component in 
OA development; however, this type of data in obese group is rarely reported [21, 22]. 
Our participants demonstrated an increased range of internal-external rotation that could 
be interpreted as an improvement in motion in the transverse plane, as obese individuals 
with knee pain have been shown to have smaller range of internal-external rotation 
compared to a healthy group [69]. In addition, the combined effect of an increased range 
of motion in flexion-extension and internal-external rotation after weight loss may allow 
for greater distribution of stress at the knee joint during the stance phase of the gait cycle 
[103, 104]. The consistency in spatiotemporal parameters between the two visits suggests 
that the overall gait characteristics were not changed with weight loss. We controlled gait 
speed which may account for some of the consistency over time.   
Our results demonstrated a negative association between the change in range of 
flexion-extension and the change in body weight, indicating that participants who 
experienced more weight loss had more kinematic change than those who did not lose 
weight. In addition, we found an association between the decrease in range of adduction-
abduction and weight loss, suggesting the knee joint may have a changed stability in the 
frontal plane after weight loss, as more body sway in the frontal plane is reported in obese 
individuals [20]. This may also potentially reduce the chance of impact concentration at 
either medial or lateral compartment.  
We found a reduction in self-report VAS knee pain after weight loss and it was 
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correlated with the amount of weight loss. This is in agreement with previous studies [79, 
91, 105-107]. Current evidence on pain reduction by weight loss is mostly through 
bariatric surgery. Vincent et al. [91] showed that knee pain and back pain were rapidly 
relieved by nearly one-third and more than one-half, respectively, of their pre-surgical 
pain with ~15% body weight loss in the first three months after surgery. Similarly, Abu-
abeid et al.[107] reported that knee pain in patients with obesity was significantly reduced 
after weight loss of 6.2 BMI units.  
Our findings have certain implications for knee OA in obese individuals. Based on 
the three variables in our study, i.e., body weight, knee kinematics, and pain (Figure 10), 
we found that, for those who lost more than ~10% of their baseline body weight, the 
kinematics and pain both changed. Such combined effect of reduced total amount of load, 
altered kinematics and pain may enhance the mechanical environment of the knee joint 
[103]. On the contrary, kinematic and pain changes in those who had consistent body 
weight did not show a clear tendency for change in kinematics or knee pain. This implies 
weight loss has both biomechanical and analgesic effects and that these are separate.  
 Among limitations of our study, the sample is small with higher ratio of females 
to males. This limited us in performing analysis with adjustment for potential 
confounders. Our results may not generalize to all obese persons, as the BMI in ou11r 
participants was ≥ 35 at baseline. We did not measure muscular activities using 
electromyography and ground reaction force, so the kinematic data could not be further 
processed to calculate joint moments and estimate the joint force. Despite these 
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limitations, our study has some strengths. We used a technology that significantly 
improves kinematic measurement error by subcutaneous adipose tissue in obese 
individuals to track knee motion in a longitudinal study. The high precision in 
measurement allows us to assess the knee kinematics in 6DOF for obese individuals.   
 
Conclusion 
Weight loss was associated with improved gait kinematics in the sagittal and frontal 
planes. The gait pattern change in obese individuals with knee pain was primarily driven 
by the change in body weight, not by the change in pain. Therefore, weight loss should 






Figure 9. A) knee joint motion captured using a dual fluoroscopic imaging system ; B) 
two-dimensional (2D) to 3D registration procedure of the subject-specific bone models 
and the fluoroscopic images; C) knee kinematics in six degree of freedom (6DOF), i.e., 
flexion-extension, adduction-abduction, internal-external rotation, anterior-posterior 





Figure 10. Illustration of distribution of change in body weight and corresponded body 
weight and pain changes. Change in each variable is calculated as [follow-up - 




Table 4. Subject characteristics at baseline and follow-up 
 Baseline Follow-up  P value 
Women (%) 75% –  
Age (years) 45.4 (8.8) 46.5 (8.9)  
Mean Body Weight (kg) 106.0 (12.2) 95.3 (22.2) 0.05 
Mean Body Weight change (%) a  -10.4 (17.2)  
Mean BMI (km/m2) 39.0 (2.9) 34.8 (6.7) 0.05 
Mean VAS Pain (0-100mm) b 64.8 (17.3) 42.0 (31.9) 0.04 
VAS Pain change (%)a  -32.5 (54.8)  
Mean WOMAC pain (0-20) 10.0 (4.4) 8.1 (7.3) 0.19 
Knee OA Kellgren and Lawrence grade 1.2 (0.9) N/A  
Bariatric surgery/medical management (n/n) 4/8 –  
a percentage change was calculated as [(follow-up - baseline)/baseline] 




Table 5. 6DOF range of motion during gait at baseline and follow-up 
Range of motion Baseline Follow-up Change P-value 
Flexion-extension 33.8 (5.6) 39.5 (8.0) 5.7 (7.4) 0.02 
Adduction-abduction 2.7 (1.4) 3.2 (1.4) 0.5 (1.4) 0.27 
Internal-external rotation 7.4 (3.1) 9.1 (3.8) 1.7 (2.6) 0.04 
Medial-lateral translation 3.0 (1.2) 2.9 (1.0) -0.1 (1.2) 0.79 
Anterior-posterior 
translation 
6.8 (2.2) 5.8 (2.1) -1.0 (3.0) 0.26 





Table 6. The relationship between weight loss (% body weight change), the change in 




body weight change 
(%) vs. Motion 
P value 
Correlation coefficient 





-0.75 0.005 -0.19 0.59 
Adduction-
abduction 
0.60 0.04 0.36 0.28 
Internal-external 
rotation 
0.25 0.43 -0.42 0.20 
Medial-lateral 
translation 




-0.08 0.79 0.20 0.55 
Superior-inferior 
translation 
0.02 0.94 0.25 0.46 




CHAPTER FIVE: DISCUSSION 
Obesity is a well-acknowledged risk factor for the development of knee OA. Many 
studies have shown that obese individuals walk with a different gait pattern compared 
with healthy persons [13-18, 20]. Since obesity is modifiable, weight loss has been 
promoted to reduce obesity-related comorbidities, such as musculoskeletal pain, OA, 
diabetes mellitus, and cardiopulmonary diseases. Studies have shown that weight loss 
changes gait pattern (e.g., spatiotemporal parameters, kinematics, and kinetics) [99-102]. 
The factor that contributes to the change in gait pattern is typically attributed to the 
unloading of weight-bearing joints. The effect of joint pain on gait pattern is not well 
discussed in biomechanical studies. While existing literatures have provided valuable 
background for this dissertation, the most significant limitations of past studies using skin 
marker-based instrumentations have been repeatability and soft tissue artifacts in 
measurement before and after weight loss. For example, a large amount of adipose tissue 
before weight loss makes the kinematic comparison less reliable because the markers on 
the obese person’s skin are vulnerable to soft tissue artifacts. Moreover, the volume 
change in adipose tissue during the follow-up makes the marker placement less 
repeatable, and thus, the kinematic comparison may be interpreted with some errors. 
Therefore, this series of dissertation studies aimed to quantify the kinematics of the knee 
during gait before and after weight loss in obese individuals using a fluoroscopic imaging 
system that is capable of capturing the joint motion with less soft tissue artifact and 
describing the joint kinematics with MR-based surface models, and elucidate how obesity 
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was related to knee OA.  
In the first study of this dissertation, the 6DOF kinematics of the knee during 
standing and gait in obese individuals with knee pain was compared with a group of non-
obese individuals using a combined fluoroscopic imaging and magnetic resonance-based 
model technique. We found that obese individuals with knee pain stood with a 
hyperextended knee posture, but maintained the knee in more flexion during the stance 
phase of the gait cycle with a reduced ROM in the flexion-extension and the medial-lateral 
directions. In addition, the obese individuals with knee pain had a different pattern in the 
anterior-posterior translation during most of the stance phase of the gait cycle. This study 
provides cross-sectional evidence that knee pain in obese individuals is associated with 
the altered kinematics.  
In the second study of this dissertation, we compared the interaction between 
tibial and femoral cartilage surfaces during the stance phase of the gait cycle between 
obese individuals with knee pain, obese individuals without knee pain, and a healthy 
group. We included the subject-specific cartilage information from MR images and 
described the cartilage contact location on the tibial plateau and femoral condyles. We 
found that obese individuals had a more medially located contact location than the 
healthy group throughout the stance phase on the medial tibial plateau. Obese individuals 
also had a different pattern in anterior-posterior contact location when compared with 
the healthy group on the medial plateau. The contact excursion of the femoral deviation 
angle in both groups with obesity was less than the healthy group. The findings from this 
 
 63 
study suggest that obesity affected the contact location mostly in the medial 
compartment, which is consistent with the high prevalence of medial knee OA in the 
obese population. The different cartilage contact location during the stance phase of the 
gait cycle suggests that compared with the healthy group, the knees in both groups with 
obesity are exposed to different loading conditions that might contribute to the cartilage 
degeneration. 
  In the third study of this dissertation, we aimed to assess the effect of weight loss 
on knee joint kinematics in 6DOF during gait in individuals with obesity and knee pain. We 
followed up with the patients in Study 1 for one year and repeated the same study 
procedure to examine how they responded to weight loss. By the end of enrollment, 67% 
of patients came back for the follow-up visit. Those patients who came back lost around 
10% of their baseline body weight either through exercise, medical management, and/or 
bariatric surgery. We found that the amount of weight loss was correlated with an 
increase in range of flexion-extension motion and with a decrease in range of adduction-
abduction motion during the stance phase of the gait cycle. A reduction in body weight 
was also associated with a reduction in self-reported pain scores; however, a change in 
pain was not significantly associated with a change in 6DOF kinematics. We concluded 
that the gait pattern change in obese individuals with knee pain was primarily driven by a 
change in body weight, not by a change in pain.    
This series of dissertation studies contribute to the current literature in several 
ways. To the best of our knowledge, this is the first set of studies to address the knee joint 
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kinematics of obese individuals using a dual-fluoroscopy imaging system that has sub-
millimeter, and sub-degree accuracy in the determination of bone position. The 
translational data in obese individuals have not been reported, and these are important 
information that could be a resource for finite element modeling and analysis. Second, 
the MR imaging provides more detailed information of soft tissues and bones, including 
cartilage morphology, bone marrow lesion, and meniscus integrity. We utilized the 
cartilage morphology embedded with fluoroscopic-driven joint kinematics to estimate 
the cartilage contact location during the most common form of locomotion, gait. This 
provides more insight into the cartilage thinning/thickening in obese individuals who are 
experiencing knee OA during gait.  
In summary, the three studies suggest that gait kinematics of the knee is 
modifiable through weight loss in obese individuals with knee pain. A nearly ten percent 
reduction in weight resulted in an increased range of flexion-extension motion and a 
reduced range of adduction-abduction motion during the stance phase of the gait cycle 
in individuals with BMI equal or greater than 35 kg/m2 and knee pain. The concurrent 
reduction in body weight and knee pain could further promote gait speed and endurance. 
Although the cartilage contact location after weight loss was not studied in this 
dissertation project, the comparison between the obese individuals (with and without 
knee pain) and healthy individuals implies that obesity may alter cartilage contact 
location, especially in the anterior-posterior direction on the tibial plateau.  Altered 
conatact location has been thought to be a factor associated with knee OA initiation and 
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progression. Pain is an essential contributor to the reduced physical activity in obese 
individuals; however, our cartilage contact analysis suggests that pain has a minimal 
effect on cartilage contact location, indicating that pain management alone might not be 
able to restore the contact locations and weight management should be addressed more 






Inclusion and exclusion criteria  
 
Inclusion: 
1. 25-60 years old 
2. Approved for laparoscopic gastric bypass surgery (bariatric surgery subjects, BMI 
greater than or equal 35 kg/m2) or BMI greater than or equal to 35 kg/m2 for 
medically managed subjects 
3. Knee pain on most days of the past 30 days in at least one knee 
4. Able to speak and read English 
5. Able to comply with all required study procedures and schedule 
6. Willing and able to give informed consent. 
Exclusion:  
1. Pregnant, planning to become pregnant in the next year or currently 
breastfeeding or positive urine test for pregnancy. 
2. Unable to walk without the help of another person or without a walker. 
3. Have undergone previous knee surgery, either meniscal or ACL surgery in index 
knee 
4. Have undergone previous partial or total knee replacement in index knee. 
5. Report a diagnosed form of inflammatory arthritis or say they have rheumatoid 
arthritis and are on second line drugs for RA. 
6. Waist circumference greater than 150 cm. 
7. Planned knee replacement surgery in the next 12 months in index knee. 
8. Been treated or told by a doctor that they have cancer or a malignant tumor 
(excluding skin cancer) in the past 3 years. 
9. Problem with kidneys that require hemodialysis or peritoneal dialysis. 
10. Have other serious health problems that would make it difficult to participate in 
a research study for 1 year. 
11. Been under treatment for alcohol use or use of recreational drugs in the past 3 
years. 
12. Currently participating in any other study of knee osteoarthritis where there is a 
treatment. 
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